INTRODUCTION
The adoption of small-scale low carbon technologies, such as photovoltaic (PV) systems, has been promoted by EU countries through different incentives. Householders are encouraged to install PV systems and this has resulted in a significant increase in PV penetration on LV distribution networks [1] . With higher PV penetration levels, adverse impacts, such as voltage rise, thermal overloads, higher levels of imbalance and harmonics will arise. Voltage violation, in particular, is one of the dominant constraints that limit an LV network's hosting capacity of PV systems.
In the UK, the last points where on-load tap changer (OLTC)-fitted transformers are used are primary substations (i.e., 33/11kV or 33/6.6kV). LV networks are equipped with off-load tap changers which means that the fine tuning of the ratio between the primary and secondary voltages of transformer can only be changed when disconnecting the load. This limited flexibility in terms of voltage management closer to the LV customers makes it crucial to explore alternative approaches. Here, the real-time intelligent control of LV onload tap changer (OLTC)-fitted transformers is investigated in order to provide the flexibility needed to cope with increasing penetrations of PV systems.
Given that the use of OLTC-fitted distribution transformers is new and with only a few trials/studies around the world [2] [3] [4] [5] , there are a limited number of research publications in this field. In [2] , the performance of fixed busbar voltages with and without control bandwidths was investigated particularly in terms of tap operations. As expected, the use of bandwidths led to a reduced number of tap changes. In [3] , different LV voltage control concepts are proposed involving the use of adjustable PV inverters (reactive power control) and decentralized voltage controllers. However, the analysis was limited to a single LV network with a specific PV penetration level and results are presented only for the concept of voltage control with local measurements at the substation.
In [4] the OLTC is used to regulate the voltage at the busbar using a load-depended adjustment of the voltage setpoint. The method lacks the use of remote monitoring which could potentially offer a better voltage regulation. In [5] , regulation is done by in-line voltage regulators placed somewhere in the LV feeders. Although this approach might be effective, it requires the additional devices in the feeders hence increasing cost and potentially limiting its deployment due to practical aspects (e.g., space for in-line voltage regulators).
A more detailed analysis in terms of the provision of simulation-based results considering different control approaches was presented in [6] . The approaches include the use of line drop compensation taking into account the effects of PV generation, and the use of smart meter data. As expected, it was found that the higher visibility provided by smart meters (i.e., voltages) allowed a much better voltage regulation carried out by the OLTC. However, no details were provided in terms of the control logic and the corresponding control cycle lengths. In addition, these studies are limited to LV networks with a specific PV penetration level.
single-phase customer connections to quantify the potential benefits in other EU LV networks (e.g., UK, France).
In this work, a control logic is proposed aiming at regulating voltages for the LV feeders. Two approaches are investigated: with and without remote monitoring. For the latter, remote voltages are estimated adopting generic models of the feeders as well as correction factors. These two proposed approaches are compared for different PV penetration levels.
The paper is structured as follows: section II presents the modelling aspects of the LV network under study, the adopted load and PV profiles, and the OLTC-fitted transformer. Section III and section IV present the methodology for each of the voltage control approaches, with and without remote monitoring, respectively. These control approaches are then applied to a real UK LV network and the results are discussed in section V. Finally, the conclusions are drawn in section VI.
II. NETWORK MODELLING

A. Real UK LV Network
A 400V LV network with 351 customer and located in the North West of England is considered in this study. Its topology is shown in Fig. 1 , where the triangle represents the transformer. The general characteristics of each of the 6 feeders are presented in Table 1 . The network is modelled considering three-phase feeders and single-phase customer connections. 
B. Load and Photovoltaic Profiles
Realistic load and PV generation profiles were produced using the tool developed in [7] . These high granularity (one minute) profiles consider number of occupants, type of day, and seasonality. The distribution of the load profiles among the 351 customers was based on the UK statistics, where the proportion of houses with 1, 2, 3 and 4+ persons is 29, 35, 16 and 20%, respectively [8] . Fig. 2 shows a daily (weekday, July) profile of electricity demand for a dwelling with 2 occupants. A 3.5 kWp PV panels is considered to be installed in the same dwelling. The corresponding generation and net demand are also shown in Fig. 2 . 
C. Transformer and OLTC
A real OLTC-fitted transformer is modelled here considering the transformation ratio of 11kV to 433V (UK practice). The corresponding OLTC have a range of +/-8% with 2% per tap, i.e., 9 tap positions in total, according to the manufacturer's specifications [9] .
III. VOLTAGE CONTROL WITH REMOTE MONITORING
A. Architecture
A simple schematic of the proposed monitoring and control architecture is shown in Fig. 3 . Metrology and communications units (MCUs) are installed at the far ends of the LV feeders (considered to be critical points). The MCUs send monitoring data to the remote terminal unit (RTU) located at the LV substation. Thereafter, the RTU is able to obtain all the voltage and current data from the feeders.
The RTU is, in this case, the physical device in which any control logic is coded. Based on this logic, the RTU can then send to the OLTC controller a command to produce a busbar voltage that ultimately alleviates any potential issue. 
B. Control Logic
The control logic proposed here considers voltages at the busbar as well as at the far ends of the feeders. This logic essentially calculates the voltage at the busbar required to bring voltages along the feeders within the statutory limits. This calculated voltage becomes the target to be sent to the OLTC controller.
Every control cycle (in this case every minute) the monitored line-to-neutral voltages (V _ , V _ , V _ ) at ) is computed using (2) .
Before the new voltage target is sent to the OLTC controller it is checked whether it satisfies the statutory limits. If not, it is set to its nearest limit. This process is carried out every control cycle. A flowchart for this control logic is shown in Fig. 4 .
Given that it is desirable by DNOs to have the LV networks operating close to typical voltages, the above logic is extended to adopt such a target when possible. Thus, if after a specified period (longer than the control cycle) the voltage target has not changed, this will be set to 415V (line-to-line, as per UK practice).
The voltage controller functional diagram using remote monitoring is shown in Fig. 5 and consists two blocks; collection of monitored data and control. The straight line arrows illustrate real-time data and dashed arrow IV. VOLTAGE CONTROL WITHOUT REMOTE MONITORING LV networks are not typically monitored by DNOs. This lack of network data in terms of voltages, loading conditions, and topology makes it essential for active network management schemes to understand the minimum observability requirements. This section explores the use of estimated voltage values within the proposed control logic.
A. Overview
The proposed approach exploits the parameters that could be monitored in an LV substation with an OLTC-fitted transformer, such as phase voltages, currents, active/reactive power, in combination with factual information about the corresponding networks, such as the total number of customers in each feeder and the length of each feeder (threephase main cable). For a given feeder a generic model is created where customers are distributed so as to make it possible to calculate voltage drops (or rise). Ultimately, voltages at the end of the feeder can be estimated using the available local monitoring data and also considering the potential errors. The voltage controller functional diagram using estimation is shown in Fig. 6 and consists of two blocks; estimation and control. The straight line arrows illustrate realtime data
B. Generic model of a feeder
Three generic models (one per phase) of a given feeder are created by first dividing the known total length of the main cable into three segments (head, middle and end). The total number of customers per phase is estimated from the total number of customer in the feeder. The customers (per phase) can then be distributed in each of the three segments of the generic model of the feeder based on statistical factors. The last customer is connected to the main cable with a 25m service cable (worst case scenario). Fig. 7 demonstrates a simple example of how customers are distributed in the modelled feeder. No matter the real topology of the feeder it will be assumed to be a single line where customers are connected as shown in Fig. 7 . Assuming that the real feeder has a main length of x meters it will be divided into three segments (x/3 meters each). For this example, the number of customers connected to that phase is 10, therefore they are first statistically divided into 1 in the "Head", 4 in the "Middle" and 5 in the "End". Within each segment, the customers are evenly distributed.
C. Voltage Estimation
Having modelled each phase of the feeder as shown in Fig.  7 , the voltages at the end of the feeder can be estimated by calculating the voltage drop (or rise). First, the total active (P ) and reactive (Q ) power per phase monitored at the head of the feeder is divided by the number of customers (per phase). The corresponding load (P , Q ) is then allocated to each customer. To cater, to some extent, for the unbalance nature of the LV feeder, the P and Q values are used to calculate the angles of the corresponding voltage phasor (assuming the current phasor has an angle equal to zero). Finally, using voltage drop equations (V = (R + jX) × I) at each segment, the voltage at the last customer is estimated.
D. Assumptions and Simplifications
The assumptions and simplifications adopted in the proposed voltage estimation method are described below.
1) Average Impedances
The connections between the substation and the customers in LV networks are comprised of different cable types which have different impedance values. In the context of the UK, the typical cable types used for LV feeders are categorized in two groups: trunk (main) and service cables [10] .
Using the cabling connection data, provided from the project [11] , it was possible to analyze and calculate the average values of impedances for the main and service cables of 20 substations (103 feeders). The average impedance values (per km) are given in Table 2 . These values are used to produce the generic models of the feeders. 
2) Distribution of Customers along the Feeder
To get a better understanding of how the customers are typically distributed along a feeder, the LV networks from the project [11] were analyzed (each phase was analyzed individually, i.e., 309 samples in total).
Each phase was divided equally in three segments (head, middle and end). The length of each phase was assumed to be the distance of the furthest customer. The analysis was made to calculate the average percentage of customers connected at each segment. The results showed that 11% of the customers are connected within the first segment (head), 40% within the second (middle) and 49% within the third (end).
3) Distribution of Customers per Phase
For a given feeder, the total number of customers is typically known. In an ideal scenario, this number would be distributed equally per phase. However, this is most of the time not the case. An 'off line' process to estimate the customers in each phase is performed. It essentially compares off-line monitoring active power at the head of the feeder with the expected values based on the known total number of customers and an average profile derived from the CREST tool [7] (for the same type of day).
E. Incorporation of Estimated Voltages into the Logic
First, the far end voltages are calculated for each of the phases and per feeder as presented in section IV. Then, the average of the three phases is obtained. Finally, a pre-defined correction factor is added to the average value so as to produce a range of values that could potentially include the actual voltage at the far end.
The correction factor added to the average voltage value at the far end of a feeder effectively results in two other values: the maximum (V _ ) and minimum (V _ ). These two values are those sent to the control logic (in practice to the RTU where the logic is implemented) and they are processed accordingly as presented in section III.
1) Correction Factor
An 'off-line' investigation of the likely mismatches between estimated and actual values was carried out resulting in the correction factor. The extent of the mismatches between estimated and actual values was quantified considering 50 simulations of the test LV network with random allocation of loads and PVs. The average daily voltage error for feeders with less than 50 customers (feeders 1, 2 and 3) was 0.49% throughout the day. The maximum daily error was 1.30%. For feeders with more than 50 customers (feeders 4, 5 and 6), these values go up to 0.75 and 2.75%, respectively.
The mismatches found in these simulations are used as correction factors. Given that these mismatches change throughout the day based on the loading level, the correction factor is adapted accordingly. Based on this, the current magnitude (average of the three phases) at the start of the day (00:00AM, minimum loading), is used as a reference. Depending on the loading evolution, (i.e., proportionally to the reference current) different correction factors are used to the corresponding estimated voltage, as shown in Table 3 . Once the corresponding correction factor is defined for a given moment in time, it is added to the estimated voltage. 
V. CASE STUDY
The control logic is applied to the test LV network for different PV penetration levels (from 10 to 100% of customers with PV panels) and with a control cycle of 1 minute. Load profiles for each customer are randomly selected from a pool of 1200 profiles. The PV panels are randomly allocated in the network based on the selected penetration level. The rating of all PV panels is assumed to be 3.5kWp (aligned with UK statistics [12] ), sharing the same generation profile. The voltage target during normal operation (10 minute checks) is 415V (line-to-line). For this initial investigation, only voltage issues are considered. Other technical issues such as thermal or transformer overloading issues are not considered.
The control logic was implemented in MS Excel Visual Basic for Applications (VBA) and OpenDSS [13] .
A. No Voltage Control
Simulations were carried out for ten different PV penetration levels. From 10% to 40% PV penetration levels, none of these feeders had voltage violations. As the PV penetration increased, three feeders (4, 5 and 6) experienced voltage issues. These feeders have a larger number of customers and hence much larger reverse power flows which result in higher voltage rise. The daily voltage profile of the furthest customer of feeder 4 considering 50% PV penetration and no voltage control is shown in Fig. 8 . 
B. Voltage Control using Remote Monitoring
The proposed control logic is now applied to the network using remote monitoring. The resulting voltage profile of the furthest customer of feeder 4 is presented in Fig. 9 . As seen during the period with voltage violations (minutes 600 to 900), the voltage target is updated based on the logic. The tap is changed to position 9 to reduce the voltage at the busbar. Indeed, after this control action it can be verified that the voltage profiles of all the feeders stay within the statutory limits (+10%/-6% of nominal). With this approach a total of 6 tap changes were required throughout the day. Fig. 10 shows the voltage profile of the furthest customer of feeder 4 when estimated voltages are used as inputs to the control logic. The logic reacts to the peak voltages around midday and calculates a voltage target that, similarly to the case with monitoring, results in tap position 9. However, it can be seen that the logic was not able to sense the first violations between the minutes 600 and 700. Throughout the day, a total of 4 tap changes were required. 
C. Voltage Control using Estimation
D. Summary of Results
To assess the effectiveness of the proposed approaches, compliance of customer voltages (at the connection point) is checked considering the standard EN50160 [14] for each 24-hour simulation. According to the EN50160 standard, and in the UK context, during normal conditions, line-to-neutral voltages must be between 0.9 p.u. and 1.1 p.u. for at least 95% of data measured in a week (10-mininute average rms values), and never outside 0.85 p.u. and 1.1 p.u. As shown in Table 4 , when considering the case without voltage control, customers face no voltage issues up to 40% penetration of PV panels. For more than 50% of PV penetration, many customers in feeders 4, 5 and 6, have voltages that do not comply with the EN50160 standard (daily analysis). The number of non-complaint voltages at customer connection points increases with the PV penetration.
When the proposed voltage control logic using remote monitoring is applied, voltages at all customers are kept within the statutory limits up to 80% of PV penetration (Table 5 ). In addition, it can be seen that the number of tap changes within the day is relatively small. In fact, as the PV penetration increases, the number of tap changes decreases. This is because with a larger number of PV panels the voltage rise is more persistent hence tap positions required to maintain the voltage target to lower values are kept for longer periods and to its maximum value (tap position 9). This approach makes it possible to displace the voltage problems to a later stage, thus allowing the network to accommodate higher number of PV systems.
As shown in Table 6 , the adoption of estimated values results in a satisfactory performance. Indeed, when compared to the case without control, a significant improvement was achieved up to 80% of PV penetration particularly for feeders 4 and 6. The approach is not capable of reducing the voltage rise experienced by customers in feeder 5 for penetrations up to 70%. With this approach a lower number of tap changes is required for the different penetration levels. This is because, as the higher number of non-compliant customers also shows, the estimation method sometimes fails to sense the voltage violations and therefore less control actions are needed. Overall, however, these results show that the voltage estimation method is a promising alternative to reduce the need of remote monitoring.
VI. DISCUSSION
For the studies carried out in this paper, only one PV generation profile was adopted. Consequently, the results are limited to this particular PV profile. More simulations with different PV profiles, e.g., using locally available sun irradiance data, should be undertaken as future work to capture more realistic scenarios.
The same PV penetration level is considered among all of the 6 feeders in all simulations. However, in practice, different feeders may have different PV penetrations. Dissimilar penetrations per feeders should be considered as it is crucial to understand the extent to which using OLTC-fitted transformers provide voltage management flexibility.
VII. CONCLUSIONS
In this paper a real-time intelligent control of LV OLTCfitted transformers is proposed to regulate voltages at the LV feeders. The performance of the control logic is investigated adopting remote voltages at the far ends of LV feeders by realtime monitoring as well as estimated values, considering different PV penetrations.
The results from the application on a real UK LV network show that the use of the proposed control logic with remote monitoring keeps the voltages within the statutory limits up to an 80% PV penetration level. However, the installation of the remote monitoring points and the corresponding communication infrastructure will have additional capital costs for voltage management in LV networks. The proposed control with estimated voltages showed a significant increment in the percentage of EN50160-compliant customers when compared to the case without control. Thus, it has the potential to be an alternative solution to the remote monitoring.
This initial investigation showed that by using either of the monitoring methods it is indeed possible to control OLTCfitted transformers to cope with voltage issues resulting from high penetrations of PV systems. Further studies will be carried out for the control algorithm of the OLTC and the correction factor.
